Extracellular proteins play an essential role in the formation, differentiation, and maintenance of multicellular organisms. Despite that, the systematic identification of genes encoding these proteins has not been possible. We describe here a highly efficient method to isolate genes encoding secreted and membrane-bound proteins by using a single-step selection in yeast. Application of this method, termed signal peptide selection, to various tissues yielded 559 clones that appear to encode known or novel extracellular proteins. These include members of the transforming growth factor and epidermal growth factor protein families, endocrine hormones, tyrosine kinase receptors, serine/threonine kinase receptors, seven transmembrane receptors, cell adhesion molecules, extracellular matrix proteins, plasma proteins, and ion channels. The eventual identification of most, or all, extracellular signaling molecules will advance our understanding of fundamental biological processes and our ability to intervene in disease states.
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The decisions individual cells make whether to live, proliferate, migrate, differentiate, make functional contacts with other cells, release a given compound, or participate in organ formation are governed by information they receive from their neighbors and immediate environment. This information is frequently transmitted by secreted polypeptides (e.g., mitogenic factors, survival factors, cytotoxic factors, differentiation factors, neuropeptides, and hormones) and is in turn received and interpreted by a diverse set of cell surface receptors (1) (2) (3) (4) (5) . These signaling molecules must pass through the secretory pathway to reach their site of action in the extracellular environment.
Targeting of both secreted and transmembrane proteins to the secretory pathway occurs via a short, amino-terminal sequence, known as the signal peptide (6, 7) . The signal peptide itself contains several elements required for optimal function, the most prominent of which is a hydrophobic core of -4-15 amino acids in length (6) . Immediately preceding the hydrophobic sequence is often a basic amino acid, whereas at the carboxyl-terminal end of the signal peptide are a pair of small, uncharged amino acids separated by a single intervening amino acid that defines the signal peptidase cleavage site. Although most, or all, of these features can be identified in the signal peptide of known secreted proteins, the high level of degeneracy within any one of these elements precludes the identification or isolation of novel extracellular proteins through searches for signal peptides in DNA data bases (e.g., expressed sequence tag) or with DNA probes designed to recognize cDNAs encoding signal peptides. Given these limitations, we developed a method to select for cDNAs encoding new mammalian extracellular proteins based upon their ability to provide a truncated secreted enzyme with a functional signal peptide. from yeast colonies and rechecked for the ability to allow growth on sucrose when reintroduced into YT455. The inserts of all plasmids that had a positive retest were sequenced.
RESULTS AND DISCUSSION
To select for new genes encoding signal peptides, it was necessary to identify a protein whose secretion is essential for cell survival. The enzyme that proved most effective for this selection is invertase, which in Saccharomyces cerevisiae functions primarily extracellularly to catalyze the breakdown of sucrose into glucose and fructose (11) . Deletion of the SUC2 gene, which encodes the invertase protein (12, 13) , or a mutation in the invertase signal peptide that prevents secretion, results in cells either unable or severely compromised in their ability to grow on sucrose medium, respectively (7). ( Because the invertase signal sequence (amino acids 3-20) was shown to be functionally replaceable by many random hydrophobic peptides (14) , an invertase deletion mutant lacking an initiator methionine as well as a signal peptide (amino acids 1-20) was used. The rational was that genuine signal sequences may be discriminated from random stretches of hydrophobic peptides by their juxtaposition to an initiator methionine; therefore, it may be possible to identify genuine export signals if one simultaneously selects for these two features. In addition, to ensure absolute dependence on a secreted invertase protein, translation of the cytoplasmic form was prevented by a mutation that converted a downstream, cytoplasmic-specific, initiator methionine to an alanine. Finally, this modified invertase gene (suc2AMSP) was inserted into a A-based vector (A Maxl; Clontech) that allows for efficient cloning of large numbers of cDNAs as well as subsequent conversion to a plasmid library that can be introduced into yeast (Fig. 1A) . By using this A-based vector (ARK18), cDNA libraries in excess of 108 independent clones can be routinely generated.
To test the system, a cDNA fragment encoding the first 46 amino acids of the secreted protein TGF-f3 (15) 13-1,6-N-11 .56 60 glucosaminyltransferase acetylglucosaminyltransferase V NCAM, neural cell adhesion molecule; TGN, trans-Golgi network; IL-6, interleukin 6; ER, estrogen receptor; MHC, major histocompatibility complex; E. coli, Escherichia coli; EGF, epidermal growth factor. *Clones 1-5, 7-11, and 49-53 were isolated from the E16 rat brain library; 5-7, 10, 12-16, 44, 52 , and 54-56 from the rat E9/E10 whole embryo library; 5, 6, 9, 10, 15, 17, 18, 46-49, and 57-59 from the rat E14 ventral midbrain library, 19, 20, 39, 43, 45 , and 63 from adult rat pituitary library; and 21-38, 40-42, 60-62, and 64 from adult human bone marrow. tSignal peptide score was obtained using prokaryotic algorithm. the yeast strain YT455, which carries a deletion in the endogenous invertase gene, yielded colonies after 2-3 days growth on sucrose medium ( Fig. 1 B and C) . YT455 transformed with the parent construct (suc2AMSP), which lacked both a functional signal peptide and a functional cytoplasmic invertase, failed to grow even after 21 days (Fig. 1C) .
cDNA libraries were then constructed in ARK18 by using mRNA from embryonic day 16 rat brain, embryonic day 14 rat ventral midbrain, embryonic day 9-10 rat whole embryo, adult human bone marrow, or adult rat pituitary, and the plasmids were excised from the A phage and transformed into YT455. Yeast transformants were selected based on the ability to grow in the absence of uracil, and the resulting colonies were replica plated to sucrose medium and grown for 7 days at 30°C (Fig.  1C) . From a total of -20 million yeast colonies that grew in the absence of uracil, 583 were also able to grow on sucrose medium (-1 yeast colony in 5000-50,000 transformants, depending on the library) and were further analyzed. Plasmid DNA was recovered from these colonies and the cDNA inserts were sequenced. The 583 clones were found to represent 161 unique genes and, among these, at least 138 appear to encode extracellular proteins (Table 1) .
The 49 unique cDNAs encoding known proteins found fused in-frame to invertase are listed in Table 2 . In all cases, the proteins encoded by the cDNAs are known to contain genuine signal peptides and are localized to the secretory pathway, cell surface, or to the extracellular environment. Although no effort was made to enrich for the 5' ends of cDNAs, which would be more likely to encode a signal peptide, 47 of these 49 proteins use their natural initiator methionine and signal peptide and are fused in-frame to the invertase protein. The two exceptions are a cDNA fragment encoding a portion of the seven transmembrane serotonin receptor in which the methionine at amino acid 237 is used and a gene encoding part of the transmembrane protein Pts from E. coli, in which a methionine at amino acid 327 is used. Importantly, both of these methionines, which are fused in-frame to invertase, precede a transmembrane domain that could function as a signal peptide. Table 2 also lists the 15 cDNAs whose translation products have notable homology to known proteins. Significantly, the translation products of these cDNAs have strongest homology to the amino terminus of proteins that contain a signal peptide and are known to enter the secretory pathway.
To determine whether the 86 novel cDNAs that have been isolated indeed encode proteins destined for the secretory pathway, their putative translation products were examined for the presence of a signal peptide. In all but three cases (legend to Table 1 ), a stretch of hydrophobic amino acids was detected immediately following the initiator methionine, consistent with the presence of a signal peptide (Table 3 ). To further confirm that these novel cDNAs encode genuine extracellular signaling molecules,-their putative protein products were analyzed by using a computer program designed to search for signal peptides (16) . Among signal peptides there is a preferred usage of particular amino acids in stereotypic positions. By examining the frequencies of amino acids in a new sequence and comparing them to a large reference set of known signal peptides, this program is able to assign a score indicating the likelihood that a genuine signal sequence is present in a given polypeptide. A score of greater than 3 indicates that the analyzed protein is likely to contain a genuine signal peptide. Among the novel proteins, 74 fell into the class of having both a strong hydrophobic stretch and a signal peptide score greater than 3. All of these proteins contain small uncharged amino acids following the hydrophobic region and an identifiable signal peptide cleavage site ( Table 3 ). The presence of signal peptide characteristics combined with the ability of these clones to restore invertase secretion are consistent with the idea that the novel cDNAs encode genuine membrane bound or secreted proteins. Since six of the known genes are of E. coli origin, it is possible that some of the novel genes may also be of E. coli origin. The translation products of the remaining 12 cDNAs contain a stretch of hydrophobic amino acids adjacent to the initiator methionine but had signal peptide scores of less than 3. Because the signal peptide prediction program is only 75-80% accurate, it is possible that these 12 clones still encode secreted or cell surface proteins. In situ hybridization analysis of 15 of the novel clones isolated from embryonic rat brain libraries indicates that individual clones display distinct tissue and developmental pattern of expression in the rat nervous system (data not shown).
A method to identify secreted proteins that is based on the ability of cDNA clones encoding signal peptides to redirect the expression of an export defective receptor to the surface of mammalian cultured cells has been previously described (designated as signal sequence trap) (17) . With this method, which utilizes an antibody to detect cell surface expression of the receptor, cDNA clones encoding a signal peptide can be identified only if they are present in pools of less then 100 clones, and each pool containing a positive clone must be subjected to multiple rounds of subdivision before the gene of interest is isolated. In contrast, the system described here, which is based on a selection rather than on a screen, allows for the simultaneous identification and isolation of many individual cDNAs in pools of one million clones or more in a single step and thus is at least 104-fold more sensitive and efficient. 
